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Summary. — Extensive experimental measurements of spin and azimuthal asymme-
tries in various processes have stimulated theoretical interest and progress in studies
of the nucleon structure. Interpretation of experimental data in terms of parton dis-
tribution functions, generalized to describe transverse momentum and spatial parton
distributions, is one of the main remaining challenges of modern nuclear physics.
These new parton distribution and fragmentation functions encode the motion and
the position of partons and are often referred to as three-dimensional distributions
describing the three-dimensional (3D) structure of the nucleon. Understanding of the
production mechanism and performing phenomenological studies compatible with
factorization theorems using minimal model assumptions are goals of analysis of the
experimental data. HERMES and COMPASS Collaborations and experiments at
Jefferson Lab have collected a wealth of polarized and unpolarized Semi-Inclusive
Deep Inelastic Scattering (SIDIS) data. These data play a crucial role in current
understanding of nucleon spin-phenomena as they cover a broad kinematical range.
The Jefferson Lab 12 GeV upgrade data on polarized and unpolarized SIDIS will have
remarkably higher precision at large parton fractional momentum x compared to the
existing data. We argue that both experimental and phenomenological communities
will benefit from development of a comprehensive extraction framework that will
facilitate extraction of 3D nucleon structure, help understand various assumptions
in extraction and data analysis, help to insure the model independence of the ex-
perimental data and validate the extracted functions. In this review we present the
latest developments in the field of the spin asymmetries with emphasis on observables
beyond the leading twist in SIDIS, indispensable for studies of the complex 3D
nucleon structure, and discuss different components involved in precision extraction
of 3D partonic distribution and fragmentation functions.
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1. – Introduction
The quantum chromodynamics (QCD) is an established theory of strong interactions
between quarks and gluons, the fundamental building blocks of the proton and the neutron.
The experimental studies in the last several decades of Deep Inelastic Scattering (DIS)
and Drell-Yan (DY) processes were pivotal in our tests of QCD, in explaining the behavior
of the strong coupling constant, and the collinear parton densities. The spin structure of
the hadrons always poses additional complications, continuously challenging the theory, as
quark-gluon interactions, and their correlations with the spin of partons and hadrons, are
very significant and often are not easily understood in a simple picture of static partons in
the nucleon. Relatively recent experimental explorations of the spin dependent observables
in SIDIS, DY, e+e−, and hadron-hadron scattering spurred extensive theoretical and
phenomenological studies opening a new era of exploration of the 3D structure of the
nucleon. Together with rapid advances of precision of lattice QCD calculations and
detailed predictions from theory and phenomenology, new precise experimental data
are needed. In the process of moving from “testing QCD” to actually understanding it
in its full complexity, SIDIS has emerged as a powerful tool to probe the dynamics of
strong interactions. Transition from simple, one dimensional description using collinear
parton distributions that depend on nucleon’s longitudinal momentum fraction, x, to more
complex nucleon picture with interacting and orbiting quarks, lead to a generalization
of partonic distributions, to include also the transverse parton momentum, kT , and to
introduction of Transverse Momentum Dependent (TMD) partonic distributions, see Fig.
1. SIDIS provides access to TMD partonic distributions through measurements of spin
and azimuthal asymmetries. Studies of spin-azimuthal asymmetries in semi-inclusive and
hard exclusive production of photons and hadrons have been widely recognized as key
objectives of the Jefferson Lab 12 GeV [1, 2] upgrade and one of the driving forces for
the future Electron Ion Collider [3, 4, 5, 6, 7].
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Figure 1. – Three–dimensional structure of a fast–moving nucleon. The distribution of partons
(quarks, gluons) is characterized by the longitudinal momentum fraction x and the transverse
spatial coordinate bT through the impact parameter GPDs [8]. In addition, the partons are
distributed over transverse momenta kT , reflecting their orbital motion and interactions in the
system (TMDs) [9, 10]. Polarization distorts both the spatial and momentum distributions.
Figure from Refs. [6, 4].
SIDIS (`(k) +N(P )→ `′(k′) + h(Ph) +X(PX)) reaction is such that a beam lepton `
with the 4-momenta k, scatters off of a target nucleon, N with four momentum P , and
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the scattered lepton `′ with four momentum k′ is detected along with a single hadron,
h with four momentum Ph; all other produced particles in the final state, X, are not
detected, see Fig. 2. Assuming a single photon exchange, the SIDIS cross-section can
be decomposed into a sum of various azimuthal modulations coupled to corresponding
structure functions. SIDIS cross section has following form [9, 10, 11]:
dσ
dxdydzdP 2hT dφhdφS
= σˆU
{
1 + εAcos 2φhUU cos 2φh +
√
2ε (1 + ε)AcosφhUU cosφh
+λ`
√
2ε (1− ε)AsinφhLU sinφh
+S||
[√
2ε (1 + ε)AsinφhUL sinφh + εA
sin 2φh
UL sin 2φh
]
+S||λ`
[√
1− ε2ALL +
√
2ε (1− ε)AcosφhLL cosφh
]
+S⊥
[
A
sin(φh−φS)
UT sin (φh − φS) + εAsin(φh+φS)UT sin (φh + φS) + εAsin(3φh−φS)UT sin (3φh − φS)
+
√
2ε (1 + ε)AsinφSUT sinφS +
√
2ε (1 + ε)A
sin(2φh−φS)
UT sin (2φh − φS)
]
+S⊥λ`
[√
(1− ε2)Acos(φh−φS)LT cos (φh − φS)
+
√
2ε (1− ε)AcosφSLT cosφS +
√
2ε (1− ε)Acos(2φh−φS)LT cos (2φh − φS)
]}
(1)
where asymmetries A...... [11] depend on kinematical variables x,Q
2, z, PhT and correspond
to azimuthal modulations of the cross section in the azimuthal angle φS of transverse spin
and/or azimuthal angle φh of the produced hadron, both defined in the γ
∗N cm frame (see
Fig. 2). The first and second subscripts denote respectively the lepton and target nucleon
polarizations, while the superscript indicates the corresponding azimuthal modulation.
Asymmetries are defined as ratios of corresponding polarized structure functions F ...... and
unpolarized structure function FUU The unpolarized structure function, FUU , or more
precisely combination of structure functions corresponding to transverse and longitudinal
polarization of the virtual photon FUU,T + εFUU,L, is included in the definition of σˆU .
We use the usual SIDIS kinematical variables x, y, and z defined as: x = Q2/2(P · q),
y = (P · q)/(P · k), z = (Ph · P )/(P · q), where Q2 = −q2 = −(k − k′)2 is the negative
four-momentum squared of the virtual photon, and PhT is the transverse momentum of
the detected hadron. The ratio ε of the longitudinal and transverse photon flux is given
by: ε = 1−y−γ
2y2/4
1−y+y2/2+γ2y2/4 , where γ = 2Mx/Q, and M is the mass of the nucleon.
In the kinematical region, where TMD description of SIDIS is appropriate, namely in
the beam fragmentation region, PhT /z  Q, the transverse momentum of the produced
hadron PhT is generated by intrinsic momenta of the parton in the nucleon kT and the
transverse momentum of the produced hadron with respect to the fragmenting parton
pT , such that the structure functions become convolutions of TMD parton distribution
functions (PDFs), and TMD fragmentation functions (FFs). The convolution integral,
for a given combination of TMD PDF f and FF D reads [11]
C[wfD] = x
∑
q
e2q
∫
d2kT d
2pT δ
(2)(pT + zkT −PhT )w(kT ,pT )fq(x, k2T )Dq(z, P 2hT ),(2)
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Figure 2. – (color online) SIDIS kinematical plane with definitions of transverse variables
where w is a kinematical factor, and the sum goes over all flavors of quarks and anti-
quarks. Well known SIDIS structure functions FUU,T and FLL will be, thus, described
by convolutions of f1 and g1 TMD PDFs and D1 the unpolarized TMD fragmentation
function, with FUU,T = C [f1D1] , FLL = C [g1D1]. The full list of TMD PDFs accessible
in SIDIS is given in Table.I. The TMDs depend on polarization state of the quark (rows)
and polarization state of the nucleon (columns). The corresponding tables for TMD FFs
can be found in Review [12].
Apart from Q2 dependence of the elementary lepton-quark cross section ∝ Q−4,
some structure functions appear in the cross section either unsuppressed or suppressed
by an additional power of the hard scale Q. Accordingly, structure functions can be
classified as subleading-twist Q−1 (twist-3) effects and leading-twist Q0 (twist-2) effects
[13]. Higher twist structure functions will include convolutions of higher twist TMD
functions. Several collinear higher twist distributions, like gT , for instance, are accessible
in DIS where collinear factorization applies, and bear physics of significant interest [14].
While the definition of twist itself is problematic [15, 16] in TMD formalism, one can
characterize twist expansion rigorously using collinear operator product expansion (OPE)
of the scattering amplitude, such that the twist classifies operators and isolates the
leading contributions, at twist-2, from the sub-leading higher-twist contributions, power
suppressed as Q2−twist. The leading and higher twist non-perturbative functions describe
various spin-spin and spin-orbit correlations as corresponding operators include additional
gluon and/or quark fields in the matrix element.
Many structure functions involve transversely polarized quarks. For example the
F cos 2φUU , at leading twist is interpreted as a convolution of Boer-Mulders distribution
function, h⊥1 that encodes the correlation between the transverse motion of a quark
and its own transverse spin [17], and the Collins fragmentation function, H⊥1 [18], that
describe fragmentation of transversely polarized quarks into an unpolarized hadron.
Table I. – Tables for leading (left) and sub-leading (right) TMDs, with columns indicating the
quark, and rows the nucleon polarization [10, 11, 19].
XXXXXXXXXnucleon
quark
U L T
U f1 h
⊥
1
L g1L h
⊥
1L
T f⊥1T g1T h1, h
⊥
1T
XXXXXXXXXnucleon
quark
U L T
U f⊥, e g⊥ h
L f⊥L g
⊥
L hL, eL
T fT , f
⊥
T , e
⊥
T gT , g
⊥
T , eT hT , h
⊥
T
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Measurements of flavor asymmetries in sea quark distributions performed in DY
experiments, indicate very significant non-perturbative effects at large Bjorken-x, where
the valence quarks are relevant [20]. In perturbative QCD qq¯ pairs are created from
the gluon splitting. Since the masses of u and d quarks are small, the gluon splitting is
not expected to generate quark flavor asymmetries. Older measurements by NMC [21]
indicated that integrated d¯ is more than integrated u¯. The measurements by E866
collaboration [22], and more recently by SeaQuest [23] suggest that d¯ is significantly larger
than u¯ in the full accessible x-range. The non-perturbative qq¯ pairs, are also correlated
with spins and play a crucial role in spin orbit correlations, and in particular, single-spin
asymmetries measured by various experiments in last few decades.
Interpretation of leading-twist structure functions in terms of convolutions of TMD
distributions arise from factorization theorems, see Ref. [24] and references therein.
Subleading structure functions require a proof of validity of TMD factorization at higher
twist and the proof is not yet available, however studies of sub-leading twists are also
important, as they may affect significantly the extraction of leading-twist moments,
as the radiative effects, and complicated acceptances of wide angle spectrometers may
introduce cross-talk between different azimuthal moments in the spin dependent and
spin-independent moments. For instance cosφ modulation asymmetry known as the Cahn
effect [25]), is significant ∼ 20 ÷ 30% and dominating in the PhT ∼1 GeV range, even
though it is suppressed by PhT /Q with respect to leading twist asymmetries. Additional
contributions to cosφ and cos 2φ moments coming from processes when the final meson
is produced at short distances via hard-gluon exchange [26] may also be significant in the
kinematic regime where the ejected meson carries most of the virtual photon momentum
(z approaching 1).
Even though we do not have enough direct information about higher twist TMDs from
experimental data one may hope that quark models give estimates for higher-twist TMDs,
and whether the modeling can be useful for phenomenological studies. The applicability
of quark models to TMDs beyond leading twist still remains debatable, however the
additional information on higher twist TMDs from models may become very important
for phenomenology and for experimental event generators.
The projected accuracy of Jefferson lab 12 GeV upgrade data for φh-dependent
multiplicities is comparable to effects arising from the fine structure constant, αem ≈1/137,
and therefore neglecting electromagnetic corrections of the order O(αem) may lead
to significant mis-interpretation of the data. Extension and further development of
the theoretical and computational approaches to higher-order QED effects for electron
scattering is an outstanding problem for the upcoming physics analysis effort at Jefferson
Lab. Disentangling the cross section σehX0 (x, y, z, PhT , φh, φS) from measurements is a
very important task, complicated by the fact that radiative corrections to cross section
introduce significant corrections to contributions and may introduce additional azimuthal
moments in the cross section [27, 28]:
σehXRad (x, y, z, PhT , φ, φS)→(3)
σehX0 (x, y, z, PhT , φh, φS)×R(x, y, z, PhT , φh) +RA(x, y, z, PhT , φh, φS) .
Studies of the model dependence in Radiative Correction (RC) calculations in the full
kinematical region will be important for precision studies of underlying 3D PDFs from
Jefferson Lab12 to EIC and require simultaneous extraction of all moments to account
for various correlations. The methodology for accounting for radiative effects in SIDIS
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is currently a generalized version tested for DIS studies: typically one uses RADGEN
generator [29] combined with different full event generators, like PYTHIA, LEPTO,
PEPSI [30, 31, 32]. This approach, while providing some estimates for RC, is not fully
consistent for SIDIS, as RADGEN itself, contains only DIS structure functions, and the
LUND model based generators, at the moment do not include spin-orbit correlations
in the fragmentation. Precision studies of azimuthal moments in SIDIS will require a
completely new methodology for accounting of RC effects in SIDIS, taking as input a set
of realistic structure functions that describe all relevant moments for specific observables
under study. Thus we expect that phenomenological studies will attempt extraction of all
azimuthal moments and a full set of TMDs contributing to the SIDIS cross section for a
given configuration of beam and target polarizations.
One of the most important questions about the 3D structure of the nucleon is the
transverse momentum dependence of the distribution and fragmentation TMDs and flavour
and spin dependence of those shapes. For precision studies of TMDs it is also important
to understand the role of medium, and the effects of in medium modifications of TMDs.
That is crucial, since both COMPASS and JLab use nuclear targets to study polarization
effects. Another important question to address is the role of exclusive processes in studies
of SIDIS. In order to extract underlying functions and thus details of dynamics of quarks
and gluons from SIDIS data one also has to have a good understanding of the underlying
fragmentation process in which quark fragments into an observed hadron. Exclusive
processes may shed light on the fragmentation process itself.
The structure of this mini-review is the following. After a brief introduction of
experimental facilities and important measurements of SIDIS leading twist observables
( Sections 2-3), we will discuss the higher twist SIDIS observables (Section 4). In the
Section 5 we discuss the relevance of different flavors of hadrons in studies of the complex
nucleon structure, followed by discussion of some unique possibilities enabled by detection
of di-hadron final states in Section 6. The final section 7 is devoted to challenges
and possible methodology of extraction of non-perturbative partonic distribution and
fragmentation functions from the wealth of the experimental data, already available and
expected from future measurements at COMPASS and upgraded Jefferson Lab, as well
as future Electron Ion Collider.
2. – SIDIS Experiments
Several experiments worldwide were involved in studies of SIDIS with different hadrons
produced. Most of the latest relevant data for studies of spin-orbit correlations was
coming from HERMES Collaboration at HERA, COMPASS collaboration at CERN, and
measurements already performed at JLab. As for the near future, a wide spectra of high-
precision measurements will be done at JLab12, while COMPASS plans to collect more
SIDIS data with transversely polarized deuteron target in 2021 [33]. Major advantages of
different setups include gas target from HERMES with fast target spin flip, providing clean
target spin asymmetries with no dilution from nuclear target, high energy muon beam of
COMPASS with relatively small radiative corrections, and superior beam polarization
at JLab, allowing clean measurements of beam-spin asymmetries. Wider angle coverage
of CLAS12 detector allows measurements in a wide range of PhT (up to 1.5 GeV), and
Q2 (up to 10 GeV2), while the SoLID detect would allow measurements of all kind of
polarization asymmetries at large Bjorken-x with superior precision.
The Table II shows main characteristics of SIDIS experiments involved in TMD studies.
At JLab all 3 halls are involved in 3D structure studies [2] including the HMS and Super
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Table II. – Main characteristics of SIDIS detectors.
Experiment Beam Target Energy GeV Lumi Polarization
HERMES e+e− H2,D2,N,C 27.5 1032, 1033 U/L/T
COMPASS µ+ NH3,6LiD 160, 200 10
33 U/L/T
JLab CLAS e− H2,D2,NH3,ND3 6, 11 1034 − 1035 U/L/T
JLab Hall-A e− 3He 6, 11 1037 U/L/T
JLab Hall-C e− H2,D2 6, 11 1038 U
JLab Solid e− 3He,NH3 6, 11 1036 − 1037 U/L/T
EIC [34] e− p,d,A 3− 12(e)/20− 400(p) 0.5− 5.1034 U/L/T
HMS at Hall C [35, 36, 37], the BigBite and Super BigBite, as well as, the SoLID detector
at Hall A [38, 39, 40], and CLAS12 at Hall-B [41, 42]. Several experiments are already
approved to study in details the azimuthal modulations in SIDIS for different hadron types,
targets, and polarizations in a broad kinematic range [41, 42, 43, 44, 39, 36, 38, 40]. The
experimental investigation of medium modification of quark fragmentation and spin-orbit
correlation will be also extensively pursued at the upgraded Jefferson Lab facility, for
which several related experimental proposal already exist [45, 46].
3. – Leading twist observables
Correlations of quark transverse momenta with their own spin or spin of the parent
hadron manifest in different spin dependent azimuthal moments in the cross section,
generated either by correlations in the distribution of quarks or in the fragmentation
process. The most known correlations are often referred to as Sivers type [47] and Collins
type [18], respectively, see Review [48]. Involved structure functions factorize into TMD
parton distributions and fragmentation functions, and hard parts [49].
The most prominent leading twist observable is the φh-integrated cross section de-
scribed by the FUU structure function. Experiments, however, prefer to measure the
multiplicities of hadrons, which is the ratio of SIDIS cross sections for a given type of
hadron divided by DIS cross section in a given bin in x,Q2, (the advantage is that e.g.
the scattered lepton acceptance entering in the numerator and denominator cancels). As
one can see from Eq. (2), in the TMD formalism the final hadron PhT results from the
initial quark kT and the fragmenting quark pT and up to order O(kT /Q) the momen-
tum conservation gives PhT = zkT + pT . The structure function FUU is given by the
convolution integral C[f1D1]:
FUU (x, z, PhT ) = x
∑
q
e2q
∫
d2kT d
2pT δ
(2)(pT + zkT −PhT )fq1 (x, k2T )Dq1(z, P 2hT ),(4)
Notice that Eq. (4) was initially proposed in the parton model approximation, see
for instance [11]. The result of factorization proof of Ref. [24] formally coincides with
Eq. (4), however the TMD functions have a much more intricate dependence on the scales
present in the process. This dependence is governed by the evolution equations and allow
to predict the change of the shape of TMDs without using the model assumptions. The
complication of implementation of TMD factorization is the presence [24] of a universal
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non-perturbative kernel of evolution. This kernel and non-perturbative shape of TMDs
should be extracted from the global fit of low and high energy experimental data.
In this review we will consider only the approximate description of TMDs in the
non-perturbative region and analytical results that can be obtained using simplified
assumptions. In order to resolve the convolution integral of Eq. (4) one makes assumptions
on kT -dependence of f1 and PhT -dependence of D1 and individuates a set of parameters
which would be then extracted in an analysis of multidimensional data on either FUU or
multiplicity. For example, a common assumption is the Gaussian ansatz for the transverse
momentum dependence of distribution and fragmentation functions [50, 51] which would
result in the average PhT given by
〈PhT (z)〉 =
√
pi
2
√
z2〈k2T 〉+ 〈p2T 〉 ,(5)
where 〈k2T 〉 and 〈p2T 〉 (GeV2) are Gaussian widths of kT -dependence of f1 and PhT -
dependence of D1.
Collinear PDFs have flavour dependence, thus it is not unexpected that also the
transverse momentum dependence may be different for the different flavours [51]. Model
calculations of transverse momentum dependence of TMDs [52, 53, 54, 55] and lattice
QCD results [56, 57] suggest that the dependence of widths of TMDs on the quark
polarization and flavor may be significant. It was found, in particular, that the average
transverse momentum of antiquarks is considerably larger than that of quarks [58, 59]. The
frequently used assumption of factorization of x and kT (or z and PhT ) dependencies [50]
may be significantly violated (see Fig. 10 of [60]). For instance the predicted average
transverse momentum square 〈k2T 〉 of quarks and antiquarks may depend strongly on
their longitudinal momentum fraction x within the framework of the chiral quark soliton
model.
In the fragmentation process, one would expect [61] that the dis-favored fragmentation
of a quark into a hadron would be broader in the transverse momentum with respect the
favored fragmentation (fragmentation of a quark to a hadron that has this type of quark
as a valence quark).
Production of charged pions in SIDIS has been measured from both proton and
deuteron targets, using a 5.5 GeV energy electron beam in Hall-C at Jefferson Lab [62].
In the limited P 2hT < 0.2 explored, the PhT dependence from the deuteron was found to
be slightly weaker than from the proton. In the context of a simple model this would
suggest that transverse momentum distributions may depend on the flavor of quarks.
Multiplicities of charged pion and kaon mesons have been measured by HERMES using
the electron beam scattering off hydrogen and deuterium targets [63]. Multiplicities
of charged hadrons produced in deep inelastic muon scattering off a 6LiD target have
been measured at COMPASS [64]. These high-statistics data samples have been used in
phenomenological analyses [50, 51, 60] to extract information on the flavor dependence of
unpolarized TMD distribution and fragmentation functions. Restricting the ranges of the
available data to Q2 > 1.69 (GeV/c)2, z < 0.7 and 0.2 GeV/c < PhT < 0.9 GeV/c, the
authors of Ref. [50] obtained a reasonable description of the experimental data within
a Gaussian assumption for TMDs with flavour independent and constant widths, 〈k2T 〉
and 〈p2T 〉. Nevertheless, indications were reported that favoured fragmentation functions
into pions have smaller average transverse momentum width than unfavoured functions
and fragmentation functions into kaons [51], consistent with predictions based on the
NJL-jet model [61]. Latest multiplicity measurements at COMPASS [65] shown in Fig. 3
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Figure 3. – Multiplicities of positively (full squares) and negatively (full circles) charged hadrons
at COMPASS [65]. Upper panels: Multiplicities of charged hadrons as a function of PhT in four
z bins at Q2 = 9.78 (GeV/c)2 and x = 0.149. Lower panels: Ratio of multiplicities of positively
and negatively charged hadrons.
indicate that the ratio of counts of positive and negative hadrons increases with z, which
can be explained by the fact that, in contrast to pi±, K+ and p, negative hadrons K−
and p¯ cannot be produced by the favoured fragmentation of nucleon valence quarks. In
addition, the ratio tends to decrease with PhT at relatively small z, where the fraction of
exclusive events is not essential. Comparison of COMPASS with HERMES and JLab
measurements of multiplicities performed in Ref. [65] shown in Fig. 4 unveils significant
differences which could be due to the different Q2 ranges covered by the experiments
and supports findings of studies from Ref. [66] indicating that at lower energies the large
values of PhT are suppressed due to smaller phase space, in particular at large z. The
latter is confirmed by recent COMPASS results obtained for the K− over K+ multiplicity
ratio at large fraction z of the virtual-photon energy [67].
The origin of the cos 2φh modulation, F
cos 2φh
UU , due to convolution of the Collins
fragmentation function H⊥1 , describing fragmentation of transversely polarized quarks,
and the Boer-Mulders distribution function h⊥1 , describing distributions of transversely
polarized quarks in an unpolarized nucleon, was first discussed by Boer and Mulders in
1998 [17]. The structure function reads:
F cos2φhUU (x, z, PhT ) = C
[
2(hˆ · kT )(hˆ · pT )− (pT · kT )
zMNmh
h⊥1 (x, k
2
T )H
⊥
1 (z, P
2
hT )
]
(6)
In addition to this, when the intrinsic transverse momenta kT of quarks inside the
nucleon is taken into account a subleading-twist Q−2 (twist-4) contribution to the cos 2φ
amplitude originates from the Cahn effect [25] (kinematic correction at the level of the
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Figure 4. – Comparison of multiplicities of positively charged hadrons at COMPASS [65] and
HERMES [63] (left panel) and at COMPASS [65] and JLab [68] (right panel).
elastic quark–lepton cross-section). This contribution is expected to dominate at small x.
Measurements of the cos 2φ-moments have been published by different experiments. A
significant positive cos 2φ amplitudes for both positively and negatively charged hadrons
were measured at COMPASS [67]. At HERMES [69], positive cos 2φ amplitudes are
extracted for negatively charged pions, while for positively charged pions the moments
are compatible with zero, but tend to be negative in some kinematic regions. In all the
cases, the amplitudes of the cosine modulations show strong kinematic dependencies.
Comparisons between COMPASS and HERMES cos 2φ modulations for hadrons in the
almost overlapping kinematic region (0.02 < x < 0.13, 〈Q2〉 ' 4 (GeV/c)2 of COMPASS
and 0.023 < x < 0.145, 〈Q2〉 ' 2 (GeV/c)2 of HERMES) require point-to-point correction
for the so-called depolarization factor D(y) =  (ratio of the longitudinal to transverse
virtual photon flux). There is some tension in the z-dependence between the two
experiments in the cos 2φ modulation of positive hadrons (that show the same behaviour
but have an off-set of about 0.05). For a detailed comparison between results of different
experiments and between results and theoretical models, a full differential analysis, using
the complete multi-dimensional information is needed [70].
The first observation of a Single Spin Asymmetry (SSA) in semi-inclusive DIS pion
electroproduction was made by HERMES [71]. The main goal of original measurements
was to access distributions of transversely polarized quark in the longitudinally polarized
nucleon, h⊥1L. The physics of F
sin 2φ
UL , which involves the Collins fragmentation function
H⊥1 and Mulders distribution function h
⊥
1L, was first discussed by Kotzinian and Mulders
in 1996 [10, 9, 72].
F sin 2φhUL (x, z, PhT ) = C
[
2(hˆ · kT )(hˆ · pT )− (pT · kT )
zMNmh
h⊥1L(x, k
2
T )H
⊥
1 (z, P
2
hT )
]
(7)
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The same distribution function is accessible, in particular, in double polarized Drell-
Yan, where it gives rise to the cos 2φ azimuthal moment in the cross section [73]. The
behavior of the Mulders distribution function was subsequently studied in many models,
including large-x [74] and large Nc [75] limits of QCD. Model calculations of Boer-Mulders
functions, phenomenological analysis and predictions for JLab measurements of cos 2φ
azimuthal moment were given in Ref. [76].
Measurements of the sin 2φ SSA [72], allows the study of the Collins effect with no
contamination from other mechanisms. Measurement of the sin 2φ moment of FUL by
HERMES [71] appeared to be consistent with zero. A measurably large asymmetry has
been predicted only at large x (x > 0.2), a region well-covered by JLab [77]. The existing
data indeed indicates that at large x the FUL may be significant [78, 79, 80]. In Fig. 5
the latest COMPASS measurements [79, 80] are compared with D(y)-rescaled HERMES
points [71] and model predictions for COMPASS kinematics [81].
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+hpreliminaryCOMPASS 
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PRD 77, 014023(2008)
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−h > 0.2z
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Figure 5. – The A
sin(2φh)
UL results obtained by HERMES [71] and preliminary results by COM-
PASS [79, 80] and available model predictions [81].
Due to opposite sign of the Collins fragmentation functions for the favored and
disfavored hadrons, all kind of SSAs originating from Collins mechanism are in principle
expected to be suppressed for pi0-production. The latest data from CLAS collaboration [82]
is consistent with previous measurements [78] indicating that the sin 2φ target spin
dependent moment, which is expected to depend on the Collins fragmentation function is
much smaller for pi0 than for charged pions Fig. 6.
Large sinφ SSA measurements by HERMES [71] spawned a number of additional
measurements of SSAs and DSAs (Double Spin Asymmetries) using polarized hydrogen
and deuterium targets [83, 84]. Most prominent are the Collins and Sivers asymmetries.
With an unpolarised beam and a transversely polarised target one can get access to the
structure function F
sin(φ+φS)
UT (x, z, PhT , Q
2). The latter can be written as a convolution
of h1(x, kT , Q
2) and H⊥1 (z, PhT , Q
2), integrated over the transverse momentum of the
initial, kT , and fragmenting PhT partons, providing access to distributions of transversely
polarized quarks, also known as “transversity” TMD and the Collins fragmentation
function:
F
sin(φh+φS)
UT (x, z, PhT ) = C
[
hˆ · pT
zmh
h1(x, k
2
T )H
⊥
1 (z, P
2
hT )
]
(8)
The Collins asymmetries were measured by HERMES [85] with proton target and by
COMPASS with deuteron [86, 87, 88] and proton targets [89, 90]. The Collins asymmetry
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Figure 6. – The sin 2φh moments for AUL plotted versus x (left) and PhT (right) [82] compared
to previous CLAS measurements [78] and theory predictions (gray band) [81]. The error bars
represent the statistical uncertainties, whereas the yellow bands represent the total experimental
systematic uncertainties.
on deuteron was found to be small and compatible with zero within the uncertainties,
while on proton it has a strong x dependence, i.e. compatible with zero in the small
x region accessible at COMPASS it increases up to 0.05 in the valence quark region.
The asymmetry exhibits a mirror symmetry (similar amplitude, but opposite sign)
with respect to the hadron charge, which is attributed to the same size and opposite
sign of the favoured and unfavoured Collins FFs. In Fig. 7 COMPASS and HERMES
proton Collins SSA results for positive and negative pion productions are compared.
The asymmetries are found to be in agreement, which is a non-obvious result, taking
into account that in valence region Q2 value at COMPASS is as much as two to three
times larger compared to that of HERMES. Measurements of Collins asymmetries by
HERMES [85] and COMPASS [89, 90] combined with the Belle [91] e+e− → pi+pi− data
are used in global fits allowing to extract the transversity distribution, see e.g. Ref. [92].
In 2021 COMPASS is planning to perform one year of semi-inclusive DIS data taking with
a transversely polarised deuteron target [33]. This measurement will allow to considerably
improve the knowledge on d-quark transversity distribution.
The study of the Sivers effect, describing correlations between the transverse polar-
ization of the nucleon and its constituent (unpolarized) parton’s transverse momentum,
has been the topic of a great deal of experimental, phenomenological and theoretical
effort in recent years. The asymmetry is related to the Sivers TMD PDF (f⊥1T (x, k
2
T ))
convoluted with ordinary fragmentation function (D1(z, P
2
hT )), corresponding structure
function reads:
F
sin(φh−φS)
UT (x, z, PhT ) = C
[
− hˆ · kT
MN
f⊥1T (x, k
2
T )D1(z, P
2
hT )
]
(9)
The most exciting feature, predicted for the Sivers function, is that is expected to have
opposite sign when measured in SIDIS on the one hand, and in DY or W/Z-boson
production on the other [93, 94]:
(10)
(
f⊥1T
)
SIDIS
= − (f⊥1T )DY
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Figure 7. – Collins asymmetries, A
sin(φh+φS)
UT , for positive and negative pion production on proton
measured at COMPASS [90] requiring x > 0.032 (filled circles) are compared with HERMES
proton results [85] (empty circles).
The Sivers SSAs for proton and deuteron targets have been published by HERMES [95,
85] and COMPASS [86, 87, 88, 90, 96, 97, 98, 99], which provided the first, direct
indication of significant interference terms beyond the simple s-wave (Lz = 0) picture.
The asymmetries become larger with increasing x, suggesting that spin-orbit correlations
are significant only in the region of large-x (x > 0.01), where the valence quarks or
non-perturbative sea are relevant [20]. In addition to the classical approach, COMPASS
has recently measured also the PT /zM -weighted Sivers asymmetries accessing directly
the first moments of the Sivers functions for uv and dv quarks [100].
From the comparison of HERMES [101] and COMPASS [90] proton results in the
overlapping kinematic region, unlike the Collins asymmetry, the Sivers effect at HERMES
was found to be somewhat larger compared to that measured at COMPASS (see Fig. 8).
This observation may hint to the influence of TMD evolution effects. Present models
predict for increasing Q2 a mild dependence of the Sivers asymmetry when parton
model approximation and DGLAP evolution is used and a strong or weak decrease
for different TMD evolution schemes, see for instance Refs. [102, 103, 104]. There is
no theoretically compelling argument to use DGLAP evolution for TMDs, only the
small-b expansion [24] of TMDs may be related to collinear functions that obey DGLAP
evolution. TMD evolution [24, 105] should be quite different from DGLAP. COMPASS
recently performed the first multi-differential analysis of the transverse-spin-dependent
asymmetries extracting them from SIDIS data at four-five different hard scales [106, 107,
108]. Extracted Q2-dependences of the Sivers SSAs in different bins of x were fitted with a
linear decreasing function and a constant with a slight statistical preference for the former
case. Evolution properties of TMDs and in particular the Sivers TMD, were predicted to
be very different from regular PDFs [109]. Studies of evolution of Sivers TMD require
precision measurements in different ranges of Q2. A projections for Q2-dependence of the
Sivers effect expected from CLAS12 is shown in Fig. 9. The asymmetry, however, as other
observables which are constructed by taking ratios, are not ideal grounds for the study of
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TMD evolution effects, as it has additional modulations coming from the unpolarized part,
making interpretation more complicated. Due to partial cancellation of evolution effects
in numerator and denominator, the asymmetries themselves may exhibit only a weak
Q2-dependence. It was suggested that more effort should be made towards measuring
properly normalized SIDIS and e+e−, and Drell-Yan cross sections (both unpolarized and
polarized).
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Figure 9. – Projections for CLAS12 measurements of Q2-dependence of the Sivers asymmetry
for ep→ e′pi+X, compared to HERMES, COMPASS and future EIC measurements.
The first measurement of the Sivers effect in W and Z-boson production in p↑ p →
W±/Z0X reactions at RHIC was reported by the STAR collaboration [110], while
COMPASS has recently published first ever results for Sivers asymmetry measured in the
pion-induced Drell-Yan lepton-pair production off a transversely polarized proton [111,
112, 80], see Fig. 10. Both measurements were found to be consistent with the hypothesis
of predicted change of sign for the Sivers function, but the accuracy was not enough
to give a conclusive answer. Soon more precise data is expected to come from both
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experiments.
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.
The Sivers asymmetry for pi+ and pi0 productions in SIDIS appeared to be very close
to each other (see Fig.11.), a feature showing up also for many kinds of higher twist
modulations. Measurements of SSAs at JLab, performed with transversely polarised
3He [113, 114, 115, 116, 117], indicate that spin orbit correlations may be significant
for certain combinations of spins of quarks and nucleons and transverse momentum of
scattered quarks.
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Figure 11. – Comparison of Sivers asymmetries, A
sin(φ−φS)
UT for neutral and positive pions measured
by HERMES Collaboration [101].
The measurements of the SSAs for hadrons produced in the Target Fragmentation
Region (TFR) will allow one to study the structure of the nucleon through the fracture
functions. These objects, though more complicated than the ordinary PDFs and FFs,
will provide important new information. An updated version of the PYTHIA, mPYTHIA
was used to look at correlations between different kinematical regions [118]. Lund string
model used in PYTHIA differs from the usual QCD factorized approach that describes
the hadron production in the Current Fragmentation Region (CFR) with a convolution
of PDFs and FFs and in the TFR using two additional independent fracture functions.
Studies based on mPYTHIA, accounting only the correlation between the nucleon’s
transverse polarization and the transverse momentum of the struck quark revealed sizable
signal in the in TFR, comparable in size to that in the CFR (see Fig. 12). Experimental
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measurements of Sivers SSAs in both CFR and TFR will be important to reveal underlying
correlations.
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Figure 12. – Projections for Sivers asymmetry measurements as a function of xF at JLab (left)
and future EIC (right) for positive pion production, using 4 GeV electrons and 60 GeV protons
(100 days at 1034 cm−2 sec−1) [118].
There have been many studies dedicated to model calculations of TMDs, see for
example [119, 93, 120, 121, 122, 123, 76, 124, 125, 126, 127, 128, 129, 130, 52, 131, 132].
These models and calculations of asymmetries based on them could play a very important
role as a first step of description of the experimental observations, to give an intuitive way
to connect the physical observables to the dynamics of partons, and to provide key inputs
to unravel the partonic structure of the nucleon. Models provide clear way of addressing
fundamental questions, such as how the quark spin and its orbital angular momentum
contribute to the nucleon spin. Even though models do not contain full QCD dynamics,
one may gain insight on full QCD by examining models. In addition, very exciting
results of TMDs have come from lattice QCD calculations [56, 133, 57], indicating, for
instance, that spin-orbit correlations could change the transverse momentum distributions
of partons. Lattice calculations suggested that transverse momentum distributions depend
both on flavor and the spin orientation of quarks (see Fig.13). Measurements of the PhT -
Figure 13. – Lattice calculations for kT -dependence of ratios of u/d quark distributions (left)
and u+/u−-distributions (right) [57].
dependence of the double spin asymmetry A1, performed at JLab, with longitudinally
polarized NH3 target [78], suggest that widths of partonic distributions may indeed
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depend on the spin orientation (see Fig.14). The PhT -dependence of the A1 DSA for
positive and negative hadron productions measured recently by COMPASS [79, 80] and
HERMES [134] appeared to be well compatible with a constant function. This could
indicate that transverse momentum widths of g1 and f1 are the same [54] in the kinematics
not dominated by valence quarks. The possible correlation between the x and PhT of
the hadron in real experiments is one of the important issues to address in that kind of
measurements. Such correlation tends to be much weaker for neutral pions. The new set
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Figure 14. – The double spin asymmetry A1 as a function of transverse momentum of hadrons, PhT ,
averaged in the 0.4 < z < 0.7 range. The empty band corresponds to systematic uncertainties.
Three curves are calculations for different transverse momentum widths (0.1, 0.17, 0.25) of g1 at
a fixed width for f1 (0.25) [54]
of measurements with much higher precision for neutral pions performed by the CLAS
collaboration supported the observed complex dependence of the double spin asymmetry
on the transverse momentum (see Fig. 15). An important advantage of the pi0 data is the
better uniformity and smaller variations of averages of PhT with x due to correlations
between longitudinal and transverse momentum of quarks and hadrons. Measurements
performed with polarized nuclear targets (NH3), require detailed account of significant
nuclear background, and very careful treatment is needed to estimate the dilution factor,
which defines the fraction of events originating from polarized quasi free protons (Fig. 16).
The double-spin asymmetries in DIS and pi0 SIDIS, in simple parton model, at large x,
where the sea contribution is negligible, are expected to be roughly the same. CLAS
measurements of both asymmetries indicate that already at 6 GeV, they are in good
agreement (See Fig. 16).
Precision measurements using the upgraded CLAS12 detector with polarised NH3
and ND3 targets will allow to access the kT -distributions of u and d-quarks aligned and
anti-aligned with the spin of the nucleon. Projections for the resulting PhT -dependence
of the double spin asymmetries for all three pions are shown in Fig. 17 for a NH3
target [42, 44]. Integrated over transverse momentum, the data will also be used to
extract the kT -integrated standard PDFs. Two proposals have been approved to study
SSAs with longitudinally polarised target using SoLID detector [40] and Super-Bigbite
spectrometer with polarised 3He targets. The later one with kaon identification using a
RICH detector.
The A
cos(φh−φS)
LT DSA provides access to the convolution of the ordinary unpolarized FF
with the g1T TMD PDF which parameterizes the distribution of longitudinally polarized
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Figure 15. – The average x versus PhT for ep→ e′pi0X in CLAS kinematics (left), and the double
spin asymmetry in semi-inclusive production of pi0 for different bins in x [82].
Figure 16. – The A1 DSA in semi-inclusive production of pi
0, compared to inclusive double spin
asymmetry [82] (left) and dilution factor as a function of x for different bins in PhT (right).
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Figure 17. – Double-spin asymmetry, A1, for pion production, using the EIC[3] configuration
with 4 GeV electrons and 60 GeV protons (100 days at 1034 cm−2 sec−1), as a function of PhT ,
compared to published data from CLAS [78] and projected CLAS12 measurements [44].
quarks in a transversely polarized nucleon:
F
cos(φh−φS)
LT (x, z, PhT ) = C
[
hˆ · kT
MN
g1T (x, k
2
T )D1(z, P
2
hT )
]
.(11)
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The g1T twist-2 chiral-even TMD PDF is the imaginary part of the interference
terms between S and P wave components. It can be linked (through Lorentz invariance
relation) to the twist-3 g2(x) PDF, which in its turn can be linked to twist-2 helicity
PDF g1(x) using the so-called Wandzura-Wilczeck approximation [135]. Measurements
of the cos(φh − φS) amplitude by COMPASS and HERMES collaborations indicate, also
that correlation may be significant at large x (see Figs. 18,19).
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In particular at COMPASS, for positive hadrons, the asymmetry is clearly positive
increasing up to ≈ 0.1 in the interval of relatively large x (x > 0.01). For negative
hadrons the effect is less prominent due to larger statistical uncertainties. Observed
behaviour and the magnitude of the effect are well in agreement with the available model
calculations [135] and with observations made by HERMES. This modulation will be also
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measured by CLAS12 in the valence region with beam energy 10.6 GeV and transversely
polarized HD-Ice target [137].
4. – Higher twist observables
Twist-3 TMDs, shown in Table. I, contribute to various observables in SIDIS. They
describe quantum mechanical quark-gluon correlation functions and thus do not have
simple partonic interpretation as probability densities. It is interesting to notice that
higher twist asymmetries, especially those not receiving contributions from leading twist
structure functions, were measured and in most of the cases were found not only to be not
compatible with zero, but very significant. Good examples are the cosφh moment of the
unpolarized cross section, F cosφhUU , first measured by the EMC collaboration, back in the
80’s [138, 139], the sinφh moment depending on the longitudinally target polarization,
F sinφhUL , measured by HERMES collaboration in the 90s [140, 71, 83, 84], and the sinφh
moment depending on the longitudinal polarization of the beam, F sinφhLU , measured at
JLab [141, 142, 143]. All those measurements were repeated and confirmed later by
HERMES, COMPASS and JLab.
The gluon radiation recoil in SIDIS was predicted to lead to observable cosφh modu-
lations of the SIDIS cross section, and this effect was proposed by Georgi and Politzer in
the 70s [144] as a clean test of perturbative QCD. The gluon radiation indeed leads to
azimuthal dependencies in the semi-inclusive DIS cross section, but its contribution is
significant mainly at large values of PhT .
In 1978, Cahn [25] discussed origin of cosφh modulation arising from non-zero intrinsic
transverse momenta of partons. Although, suppressed by PhT /Q that modulation (known
as the Cahn effect), appeared to be significant and dominating in the PhT ∼1 GeV range.
The same mechanism contributes also to the cos 2φh moments at twist-4 level. Significant
azimuthal modulations observed in various experiments indicate the importance of high
twist effects. Additional contribution to cosφh and cos 2φh moments could come from
processes when the final meson is produced at short distances via hard-gluon exchange, as
proposed by Berger in 1980 [26], and may also be significant in the kinematic regime where
the ejected meson carries most of the virtual photon momentum. It appeared that the
interplay between the parton transverse momentum and spin, the so-called Boer-Mulders
effect [17], in addition to leading-twist contribution to the cos 2φh can also generate sub
leading contribution to the cosφh amplitude.
The cross-section modulation F cosφhUU originates from contributions only at sub-leading
twist level and is suppressed by M/Q. As far as the structure function F cosφUU is higher-
twist structure function it can only be accessed at moderate values of Q. Higher-twist
observables are a key for understanding long-range quark-gluon dynamics, for instance
they can be interpreted in terms of the average transverse forces acting on a quark after
it absorbs the virtual photon [145].
In order to simplify the discussion, one can use the so-called Wandzura-Wilczeck-type
(WW-type) approximation neglecting all quark-gluon-quark correlators. Generically one
can decompose higher-twist TMDs into leading-twist terms, current-quark mass terms
and the so-called pure interaction-dependent (“tilde”) terms. This is accomplished by
employing equations of motion (EOM) and reveals that tilde-terms are not probability
densities but quark-gluon correlation functions. Neglecting the tilde- and mass terms is
sometimes referred to as Wandzura-Wilczek approximation [146]. This step can be helpful
in phenomenology to disentangle the many contributions to twist-3 SIDIS observables [147,
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148, 149, 77], and can in certain cases be a numerically useful approximation [81, 150].
Recently the authors of Ref [151] have performed a comprehensive phenomenological
study of the cross-section for the production of unpolarized hadrons in SIDIS, computing
all twist-2 and twist-3 structure functions within Wandzura-Wilczek-type approximations
and compared calculations to the existing experimental data. For the F cosφhUU structure
function one obtains the following result:
F cosφhUU '
2M
Q
C
[
− hˆ · kT
MN
xf⊥D1 +
hˆ · pT
zmh
xhH⊥1
]
(12)
where the first term is related to the Cahn effect [25], the second term, strictly speaking
is 0 due to the sum rule [11]
xhq(x) = 0 .(13)
Several measurements of cosφh and cos 2φh modulations in SIDIS experiments has
been published in the past [138, 139, 152, 153]. The CLAS collaboration measured non-
zero cosine modulations for positive pions produced by 6 GeV/c electrons scattering off
the proton [154]. The HERMES experiment have measured cosine modulations of hadrons
produced in the scattering of 27.5 GeV/c electrons and positrons off pure hydrogen and
deuterium targets, where the lepton beam scatters directly off neutrons and protons
(with only negligible nuclear effects in case of deuterium) [69]. These modulations were
determined in a four-dimensional kinematic space for positively and negatively charged
pions and kaons separately, as well as for unidentified hadrons. At COMPASS, positive
and negative hadrons produced by the 160 GeV/c muon beam scattering off a 6LiD
target have been measured in a three-dimensional grid of the relevant kinematic variables
x, z and PhT [155]. In Fig. 20 COMPASS results are presented in one-dimensional
representation, i.e. as a function of x, z or PhT , while integrating over the other variables.
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Figure 20. – The A
cos(φh)
UU asymmetry for positive and negative hadron productions as extracted
by COMPASS [155].
The azimuthal modulations have been studied phenomenologically, for instance
Ref. [156] investigated effects due to the phase space limitations due to finite beam
energies of real experiments as the cosine modulations are very sensitive to the corrections
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due to limitation of the phase space in experiments. The twist-3 nature of cosφh modula-
tions could be tested by examining their Q2dependence. In Fig. 21 CLAS measurements
are compared with corresponding measurements from HERMES experiment [69], after
taking into account the kinematic factors in the expression of the cosφh modulation
and φh independent terms. The CLAS and HERMES measurements are found to be
consistent with each other in a wide range of Q2, as shown in Figs. 21, indicating that at
energies as low as 5-6 GeV, the behavior of azimuthal modulations are similar to each
other. For comparison, the lowest x bin from CLAS and highest x bins from HERMES
were used with equal average value of x ≈ 0.19, z ≈ 0.45 and PhT ≈ 0.42 GeV. The CLAS
data provides significant improvements in the precision of azimuthal moments for the
kinematic region where the two data sets overlap, and they extend the measurements to
the large x region not accessible at HERMES, providing an important input for studies
of higher-twist effects. The Q2-dependence of the cosφh modulation is consistent with
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Figure 21. – (Color online) The cosφh modulations in pi
± SIDIS plotted vs Q2 for a bins with
x ≈ 0.19, and z ≈ 0.35, PhT ≈ 0.6 GeV (left) and z ≈ 0.43, PhT ≈ 0.8 GeV (right). Filled
symbols are for pi+ and open symbols for pi−. The triangles CLAS and open symbols are for
HERMES [69]. f(y) =
√
2(1 + ).
the twist-3 nature of the contribution and within statistical uncertainties it is consistent
with measurements performed at much higher energies and Q2. Higher precision data
from 12 GeV upgrade of JLab will provide essential information on to the Q2-dependence
of observables in more details.
Large spin-azimuthal asymmetries observed at JLab for a longitudinally polarised
beam [141], which have been interpreted in terms of higher twist contributions, are
also consistent with corresponding higher energy measurements at HERMES [157] and
COMPASS [155]. Within the same approximation as used in Eq.12, the expressions for
sinφh modulations in case of polarized beam or target can be written as
F sinφhLU '
2M
Q
C
[
hˆ · kT
MN
xg⊥D1 +
hˆ · pT
zmh
xeH⊥1
]
(14)
F sinφhUL '
2M
Q
C
[
hˆ · kT
MN
xf⊥LD1 +
hˆ · pT
zmh
xhLH
⊥
1
]
(15)
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Distribution e and hL are twist-3 TMD distribution functions that couple to chiral-odd
Collins fragmentation function H⊥1 , contributing to Collins-type terms in F
sinφh
UL and
F sinφhLU and can be written in the following way [158, 11]
xe = xe˜+
m
M
f1,(16)
xhL = xh˜L +
P 2hT
M2
h⊥1L +
m
M
g1L.(17)
The Sivers-type contributions (terms that contain D1) involve f
⊥
L and g
⊥ TMDs,
which couple to the leading twist unpolarized fragmentation function D1. Some of those
functions can be studied in jet production, for instance, the T-odd twist-3 TMD g⊥ gives
rise to a sinφh azimuthal asymmetry in the production of jets [159] in DIS with polarized
lepton beams. The higher twist TMDs, attracted a lot of theoretical attention, since first
SSA was observed by HERMES [140]. Some initial model calculations of unpolarized
higher-twist TMDs were discussed in Refs. [160, 161, 162, 163, 164, 128]. A detailed list of
recent calculations is presented in Ref.[165]. The function g⊥ is an interesting object for
theoretical studies. It was shown in Ref [15] that g⊥ has uncanceled light cone divergence
and thus in principle TMD factorization at twist-3 fails. Additional theoretical studies of
such functions as g⊥ that arise at twist-3 level are needed to explore twist-3 factorization
in detail and determine whether the factorization can be established or not.
4
.
1. Model calculations . – An important question that one could ask is whether twist-3
functions that we discuss are different from zero or not. Model calculations can certainly
shed light on this matter. In fact many model calculations indicate sizable twist-3
functions, see for example Ref. [166] where twist-3 fragmentation functions were studied.
WW approximation that we discussed in the previous subsection is certainly useful for
numerical estimates but it removes the richness of the largely unexplored but attractive
non-perturbative physics of quark-gluon correlations. This richness is precisely the
important motivation to study subleading-twist effects [167, 14].
Higher-twist TMDs and parton distribution functions of quarks are expressed in terms
of hadronic matrix elements of bilinear quark-field correlators which can be studied
in quark models [160]. Quark models have been shown to give a useful description of
leading-twist TMDs and related SIDIS observables, provided one applies them carefully
within their range of applicability.
Quark models with interactions allow one to model also the interaction-dependent
tilde-terms. There are several model calculations of the twist-3 PDFs e and hL: MIT bag
model [160, 161, 128], diquark spectator model [162], instanton QCD vacuum calculus [170,
171], chiral quark soliton model [172, 163, 164, 173, 168], and the perturbative light-cone
Hamiltonian approach with a quark target [174, 175]. In these calculations there are
no contributions from either strange or sea quarks, except for the chiral quark soliton
model. Fig. 22 shows the parton distribution functions e(x) and hL(x) calculated in the
chiral quark soliton model [168, 169] at Q2 = 2.5 GeV2. The bag model has given several
powerful results and predictions of PDFs as well as TMDs. It is a relativistic model where
quarks and antiquarks are excitations inside the confined bag. It is generally assumed that
the proton wave function is invariant under the SU(6) spin-flavor symmetry. In the case
of two-body problems, this symmetry leads to proportionality between the different flavor
components. The contribution to e(x) in the bag is entirely due to the bag boundary, and
therefore to the quark-gluon-quark correlation. The result of the model calculation of the
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Figure 22. – The parton distribution functions xe(x) and xhL(x) from the chiral quark soliton
model (χQSM) [168, 169] at Q2 = 2.5 GeV2.
twist-3 eu(x), huL(x), as well as of the unpolarized distribution f
u
1 (x), is shown in Fig. 23.
On the other hand, the function hL(x) contains twist-2 and pure twist-3 contributions.
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Figure 23. – Functions eu(x), huL(x), and f
u
1 (x) calculated in the bag model [160].
Although it is a popular assumption that pure twist-3 (and mass) terms are small [176,
10, 81, 177], this has rarely been justified by theoretical calculations. Indeed, recent
calculations using light-front wavefunctions (LFWFs) [178], taking into account the
contribution from both the three valence quark (qqq) and three-quark plus one gluon
(qqqg) Fock-state of the nucleon, indicate the pure twist-3 contributions can be very
significant in certain kinematics. The LFWFs are modeled using a parametrization
derived from the proton distribution amplitudes, with parameters fitted to the available
phenomenological information on the unpolarized leading-twist quark and gluon collinear
parton distributions. The Fig. 24 presents the light-front model results for the twist-2
contribution (m/Mf1), the pure twist-3 terms (e˜) and the total results, for both the up
and down quark.
The twist-3 distributions have been recently also studied in lattice QCD calculations.
The ratio of Fourier transformed to conjugate quark separation bT -space twist-three TMD
e, integrated over momentum fraction x and over the unpolarized TMD f1, likewise inte-
grated and Fourier-transformed is shown in Fig.25. The framework for these calculations
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Figure 24. – Results for the PDF xe(x) as function of x for the up (left panel) and down (right
panel) quark [178]. Red short-dashed curve: twist-2 contribution (m/Mf1) ; blue long-dashed
curve: pure twist-3 contribution (e˜); solid curve: total results, sum of the twist-2 and twist-3
contribution.
is described comprehensively in Refs.[179, 180]. Data were obtained from a Lattice QCD
calculation of the proton matrix elements defining these TMDs, where the staple-shaped
gauge link in the relevant quark bilocal operator extends in the direction appropriate
for the SIDIS process. The Collins-Soper-type parameter ζˆ = v · P/(|v||P |) characterizes
the rapidity difference between the proton momentum P and the direction of the staple
legs v. The phenomenologically most relevant range of ζˆ lies appreciably above the value
accessed in this calculation, which was moreover performed at an artificially high pion
mass. While Lattice QCD calculations closer to the physical case remain to be performed,
extraction on lattice is consistent in sign and magnitude with simple model calculations
discussed above and presented in Fig.23. One can see that lattice computations suggest
that e has almost the same relative size as twist-2 f1.
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Figure 25. – The ratio of isovector u− d combination of quark flavors for e and f1 [181]. The
shaded area represents the region in which discretization effects may be significant.
With several functions contributing to the same observable one faces a difficult task
when dealing with sub-leading twist in SIDIS, but it is important to stress that each
of them provides a different and independent view of the quark-gluon dynamics in the
nucleon or in the fragmentation process. The importance of these observables for spin
physics and QCD is very high, indeed these were the first instances that single spin
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phenomena in SIDIS have been measured and this has triggered important theoretical
developments. Both structure functions, F sinφhLU and F
sinφh
UL , were subject to numerous
theoretical and phenomenological studies [182, 183, 184, 185, 148, 186, 172, 149, 187,
188, 189, 190, 77, 191, 192, 193, 194, 195], see also [196, 197, 159, 198, 11]. Nevertheless
there is presently no satisfactory understanding which are the functions of origin of these
modulations from the point of view of quantifying contribution of underlying functions.
Other sub-leading structure functions have also been studied [199, 200, 201] though less
extensively, since there is far less data available though measurements of some subleading
structure functions were reported [202, 136, 80]. The TMDs e and g⊥ are pure twist-3
interaction-dependent quark-gluon correlators, i.e. e = e˜ and g⊥ = g˜⊥ up to current quark
mass terms, and hence vanish in the Wandzura-Wilczek-type approximation discussed
above. This means that in this approximation the entire F sinφhLU would vanish, while in
experiment a clearly non-zero effect is seen [141, 203].
A detailed study of non-perturbative properties of sub-leading twist TMDs has been
performed recently by Lorce and collaborators [165]. The formalism to describe unpolar-
ized higher-twist TMDs in the light-front framework based on a Fock-space expansion of
the nucleon state in terms of free on-shell parton states has been developed, and some
numerical results in a practical realization of this picture performed by the light-front con-
stituent quark model. The results from the light-front constituent quark model were also
compared to available phenomenological information, showing a satisfactory agreement.
In Figs. 26,27 COMPASS (deuteron) and recent HERMES (deuteron, proton) results
for A
sin(φh)
LU asymmetries are shown as a function of x, z and PhT .
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Figure 26. – The A
sin(φh)
LU asymmetry extracted for positive and negative hadron productions by
COMPASS [155].
Since the structure functions FLU and FUL contain kinematical terms depending
on the beam energy for given kinematics, as well as additional 1/Q suppression factor,
direct comparison of ratios of structure functions involved in those observables between
different experiments requires accounting for those terms. After corrections the data
seem to be consistent also between CLAS and HERMES AsinφhLU , see Fig. 28. Recent high
precision measurements of AsinφhUL performed at COMPASS are also consistent with similar
measurements at HERMES, see Fig.29. Both asymmetries exhibit similar kinematical
behaviour and, more importantly similar flavor dependence. Accounting for difference in
energies and average y in all comparisons was done by dividing by the kinematic factors
defined in Eq.1 (for AsinφhUL the D(y) =
√
2(1 + )). Comparison of AsinφhLU and A
sinφh
UL
for pi+ and pi0 (see Fig.30) indicates, that in both cases they are consistent with each
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Figure 27. – The preliminary A
sin(φh)
LU amplitudes for charged pions extracted from data on
unpolarized hydrogen (H) and deuterium (D) targets by HERMES [204]. The asymmetries are
corrected for the depolarization factor.
other. Latest measurements of AsinφhUL by CLAS [82] for all pion flavors is consistent with
HERMES measurements, confirming that pi+ and pi0 show similar behaviour both for
AsinφhLU and A
sinφh
UL .
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Figure 28. – The comparison of SSA AsinφLU as a function of x for neutral pions at HERMES [203]
and CLAS for similar average PhT [142] (left panel). Both Asymmetry moments are multiplied
by the kinematic factor Q/f(y). The right panel shows the comparison of SSA AsinφUL for neutral
pions at HERMES and CLAS [82] (right). The factor D(y) for longitudinally polarized case is
given in Eq.1. The dashed and dotted lines are twist-3 calculations from from Sivers and Collins
type terms [205, 206], respectively.
Understanding of quark-gluon dynamics is crucial for interpretation of upcoming SIDIS
data from Jefferson Lab 12 GeV upgrade, where studies of TMDs are one of main driving
forces. Significantly higher, compared to JLab12, PhT range accessible at EIC would allow
for studies of transverse momentum dependence of various distribution and fragmentation
functions as well as transition from TMD regime (PhT /z  Q) to collinear perturbative
regime (PhT /z ∼ Q). Measurements of spin and azimuthal asymmetries as a function of
the final hadron transverse momentum at EIC will extend (see Fig. 31) measurements at
JLab12 [208] to significantly higher PhT and lower x and will provide access to studies
of TMDs beyond the valence region. Much higher Q2 range accessible at EIC would
allow for studies of Q2-dependence of different higher twist spin-azimuthal asymmetries
(Fig 31), which, apart from providing important information on quark-gluon correlations
are needed for understanding of possible corrections from higher twists to leading twist
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UL obtained by COMPASS [79, 80] are shown
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LU for pi
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only the Collins effect for pi0. Right panel: A
sin(φh)
UL for different flavors using HERMES data [83].
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case of pi0 electroproduction.
observables.
Both Jefferson Lab12 and future EIC will measure also other azimuthal moments
arising due to different quark-gluon-quark interactions. Many of them have been already
measured by HERMES and COMPASS in corresponding kinematical regions, including
AcosφLL and A
sinφS
UT , see Figs 33,34,35. A common feature of all higher twist asymmetries
is the increase at large x.
The F cosφhLL structure function can be presented as follows:
F cosφhLL '
2M
Q
C
[
− hˆ · kT
MN
xg⊥LD1 −
hˆ · pT
zmh
xeLH
⊥
1
]
(18)
Within WW-type approximation the eL vanishes and we remain with xg
⊥
L ' g1L PDF.
Corresponding double spin asymmetry is an analogue of the aforementioned Cahn effect,
but for the polarized (helicity) cross section [54]. In Figs 32, 33 JLab and COMPASS
results for this DSA are shown.
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Figure 31. – Projections for higher-twist lepton spin asymmetry AsinφLU for positive pion production,
using 4 GeV electrons and 60 GeV protons (100 days at 1034 cm−2 sec−1), as a function of
PhT (left) and Q
2 (right) compared to published data from CLAS [141] and HERMES [203] and
projected CLAS12 [208] in one x, z bin (0.2 < x < 0.3, 0.5 < z < 0.55).
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Figure 32. – The A
cos(φh)
LL as a function of the hadron transverse momentum. The filled triangles
show projected uncertainties from approved JLab12 measurements [42] compared to 5.7 GeV
preliminary result (open triangles). The lines correspond to model calculations from Ref. [54].
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Figure 33. – The preliminary results for A
cos(φh)
LL obtained by COMPASS [79, 80] are shown
together with available model predictions [54, 209].
The AsinφSUT subleading-twist SSA is a peculiar term, since within the WW-type
approximation it can be interpreted as a combination of Sivers and Collins constituents
(within WW-type approximation). The corresponding structure function reads:
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F sinφSUT '
2M
Q
C
{
xfTD1 +
kT · pT
2MNzmh
[
xhT − xh⊥T
]
H⊥1
}
(19)
If one employs WW-type approximation, then xfT ' f⊥1T is a Sivers type and xhT −
xh⊥T ' −2h1 is a Collins type contribution. COMPASS and HERMES results for this
SSA are presented in Figs. 34,35. In both cases the asymmetry exhibits a non-zero signal
at large z, in particular, for negative hadrons.
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sin(φS)
UT asymmetry extracted by COMPASS [106, 80].
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Figure 35. – The preliminary A
sin(φS)
UT asymmetry extracted by HERMES [136].
5. – Flavor dependence of spin-azimuthal asymmetries
One of the important challenges in phenomenological fits is to disentangle the flavor
dependence of the TMD PDFs from the measurements for a limited set of final particle
types. The difficulty is that in the corresponding cross section the TMD PDFs are
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convoluted with the fragmentation functions to the specific hadrons and these are summed
over the flavor of the parton. Thus having SSA measurements for as large a number of
final hadron types as possible would allow, removing some of the assumptions about the
flavor dependence of the corresponding TMDs, Sivers PDFs, in particular. Measurements
with different final state hadrons are crucial for understanding of dynamics and sorting
out contributions due to spin-orbit correlations occurring in the initial distributions and
in final stage of hadronization.
For example, electroproduction of neutral pions has several important advantages: 1)
suppression of higher-twist contributions at large hadron energy fraction z [210], which are
particularly important at JLab energies where small z events are contaminated by target
fragmentation; 2) the absence of ρ0 production which complicates the interpretation of
the charged single-pion data; 3) the fragmentation functions for u and d quarks to pi0 are
the same in first approximation; and 4) suppression of spin-dependent fragmentation for
pi0s, due to the roughly equal magnitude and opposite sign of the Collins fragmentation
functions for up and down quarks [85, 96, 211, 212, 213]. In addition it was shown that the
longitudinal photon contribution, is suppressed in exclusive neutral pions production [214]
with respect to the transverse photon contribution, which is higher twist, suggesting
that longitudinal photon contribution to SIDIS pi0 will also be suppressed. At large x,
where the sea contribution is negligible, pi0 multiplicities and double spin asymmetries will
provide direct info on the fragmentation function of u and d-quarks to pi0. These factors
simplify the interpretation of pi0 observables, such as single and double-spin asymmetries.
Furthermore, neutral pions are straight-forward to identify with little background using
the invariant mass of two detected photons. Similar, important feature, like equal for u
and d fragmentation functions exhibit also the production of charged pion pairs.
6. – Dihadron production
Measurements of Collins asymmetries, A
sin(φh+φS)
UT , at HERMES and COMPASS,
confirm a non-zero Collins fragmentation functions, which are likely generated due to
correlation of the transverse spin of fragmenting quarks and the orbital motion of qq¯
pairs [215]. That means that the leftover pair of the qq¯ will end up in the second hadron.
Hadron pair production allow for a possibility of extraction of transversity distribution
in a complementary to single hadron production case and was used in extraction of
transversity in an analysis with combined electron-proton and proton-proton data [216].
In order to extract the transversity distribution from single hadron production, the Collins
function should be determined through the measurement of azimuthal asymmetries in the
distribution of two almost back-to-back hadrons in e+e− annihilation [217]. The Belle
and BaBar collaborations measured this asymmetry [211, 91, 218], making the first-ever
extraction of hq1 possible from a simultaneous analysis of ep
↑ → e′piX and e+e− → pipiX
data [92].
In spite of this breakthrough, some questions still hinder the extraction of transversity
from single-particle-inclusive measurements. The most crucial issue is the treatment
of evolution effects, since the measurements were performed at very different energies.
The convolution hq1 ⊗ H⊥ q1 involves the transverse momentum of quarks. Hence, its
evolution should be described in the framework of the transverse-momentum-dependent
factorization [219, 49]. Quantitative explorations in this direction suggest that neglecting
evolution effects could lead to overestimating transversity [220]. The so-called TMD
framework has been extensively studied [109](e.g. Bessel weighting treatment of cross
sections [221]). The first extraction of transversity with TMD evolution was presented in
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Refs. [222, 223] and was found to be compatible with earlier studies without full account
of TMD evolution from Refs. [92, 224] thus confirming an idea that in ratios evolution
effects generically cancel to certain extent.
In this context, it is of paramount importance to extract transversity in an independent
way, requiring only standard collinear factorization where the above complications are
absent (see, e.g, Refs. [225, 226] and references therein). Results of the newest analysis
from Ref [216] are compatible with Refs. [222, 223, 92, 224] and with extraction of
transversity that takes into account lattice QCD calculations of tensor charge done in
Ref. [227], even though some tension still remains among various results.
The semi-inclusive deep-inelastic production of two charged pions with small invariant
mass,
`(l) +N(P )→ `(l′) +H1(P1) +H2(P2) +X, ,
which was suggested as a complementary source of information on the quark-gluon
dynamics, bears similar features. The double-spin asymmetry of pion pair production
has been measured at JLab and shown to be consistent with inclusive DIS asymmetry.
Although, dihadron production in SIDIS requires higher energies and Q2, than single
hadron SIDIS, measurements of double-spin asymmetries at CLAS (see Fig. 36) are
already at 5.7 GeV compatible with simple leading twist predictions for equality of double
spin asymmetries in eX, epi+pi−X, and epi0X, assuming the sea quark contributions
are negligible at large x and fragmentation functions sum of charged pions are flavor
independent.
CLAS measurement of the double spin asymmetry from inclusive DIS (also from
HERMES and SLAC) are consistent with CLAS measurements of double spin asymmetry
in charged pion pair production. At low energies the multiplicities are low and one has to
apply cuts on the missing mass of the final state to avoid contributions from exclusive
states.
Figure 36. – The double spin asymmetry in semi-inclusive production of pi± pairs, compared
to inclusive DIS measurements from HERMES [228], CLAS [229] and SLAC E143[230] and
E155 [231] experiments.
SPIN ORBIT CORRELATIONS AND THE STRUCTURE OF THE NUCLEON 33
2−10 1−10
0.05−
0
0.05
0.1
C
Φ
sin
 
A
 (from 2-hadron sample)h2
 (from 1-hadron sample)h−
x
h1
h+
Figure 37. – (Color online) Comparison of the Collins asymmetries for single (full red circles)
and di-hadrons (full black triangles) from COMPASS measured as function of x [232].
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Figure 38. – The transverse spin-dependent azimuthal asymmetry, AsinφRUT predicted in approved
measurements by clas12 on proton[233] (left) and SoLID on neutron[234] (right).
Studies of integrated values of Collins asymmetries in the single-hadron sample were
shown to be the same as the Collins-like asymmetries of di-hadron sample which in turn
are related with the integrated values of di-hadron asymmetry (see Fig.37), suggesting
that both, the single hadron and di-hadron transverse-spin dependent fragmentation
functions are driven by the same underlying mechanism [232].
Two experiments have been approved at JLab to study dihadrons with transversely
polarized targets. Combination of hydrogen measurements with CLAS12 [233] and 3He
with SoLID [234] (see Fig.38) would allow to perform complementary to TMD method
flavor decomposition of the transversity distribution.
The interpretation of di-hadron production, as well as interpretation of single-hadron
production is intimately related to contributions to those samples from vector mesons.
The general procedure for SIDIS analysis, so far, was requiring estimates of contribution
of diffractive ρ0, so theoretical studies can account for their contribution. Since the
spin dependent fragmentation (Collins function) of rho mesons is very different from
pions, in fact predicted to have an opposite sign [235], the final interpretation of pion
asymmetries will be very sensitive to relative fraction of pions coming from vector meson
decays. The fraction of pions coming from correlated di-hadrons in general, and the rho
decays, in particular, produced in the region of PhT /z < Q, contribute to the region
PhT /z > Q, due to much smaller z of decay pions, making the interpretation of data
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more complicated. The PYTHIA based MC, suggests that the dominating fraction of
pions are indeed coming from vector meson decays (see Fig.39). Measurements of SSA
performed by CLAS indicate that there is a significant asymmetry in single-pions sample
originating from rhos, which is also very different for different vector mesons. The size of
the asymmetry reaches ∼20% and is opposite for pi+ originating from exclusive ρ+ and
ρ0 decays [236].
Figure 39. – Left panel: The fraction of pions in ep→ e′piX in HERMES kinematics (27.5 GeV),
produced directly from the string in PYTHIA MC (shown as pi) and from different decay channels
(ρ, ω,K∗, η and ∆). Right panel: The AsinφLU asymmetry measured by CLAS on hydrogen target,
for final state pi+ originating from exclusive pi+pi− events dominated by ρ0 (red squares), from
exclusive pi+pi0 events dominated by ρ+ (magenta triangles) and integrated over all sources (blue
circles) [236].
Significant single beam spin asymmetries were predicted in di-hadron production
for several angular correlations. The usual sin(φR) single beam spin asymmetry [237]
involves subleading-twist functions in the so-called ”collinear kinemaitcs” that involves
the measurement of only the relative transverse momenta of the hadron pair. Recently, a
new leading-twist single beam spin asymmetry involving the helicity-dependent DiFF G⊥1
has been proposed [238], in analogy with the target single spin asymmetry in Refs. [239],
which requires the measurement of both total and relative transverse momenta of the
pair. Yet another leading twist beam spin asymmetry involves the so-called fracture
functions [240], where one of the hadrons is produced in the current region by the
fragmenting parton, while the second one is produced in the target region by the target
remnant. CLAS preliminary measurements [241] indicated a very significant non-zero
beam-spin asymmetry ALU both on
2H and NH3 targets. Non zero single-spin asymmetries
(ALU ) have also been observed in back-to-back pion and proton electroproduction [242],
indicating that spin-orbit correlations between hadrons may be very significant. While
this opens a new avenue for studies of the complex nucleon structure in terms of quark and
gluon degrees of freedom, it also suggests, that there are likely no uncorrelated hadrons
in SIDIS.
7. – Precision measurements of TMDs
The main mission of experimental exploration of 3D momentum and spatial structure
of the nucleon by Jefferson Lab, and other facilities in the world, is providing scientific
community with unbiased data on observables that can be uniquely interpreted in
theoretical and phenomenological models, i.e. cross-sections, multiplicities, asymmetries,
structure functions. It is paramount that experimental results are not influenced by
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theoretical and/or phenomenological expectations and in this sense a blind analysis will
be the most desirable one. Of course in order to achieve such a degree of unbiased
measurements one will need to carefully study all pitfalls and limitations of data analysis
itself. Experimental Halls of Jefferson Lab are likely to work together on issues related to
interpretation and extraction of experimental data.
Although the interest in TMDs has grown enormously, we are still in need of a consistent
theoretical and phenomenological description spanning the full kinematic regime covered
by the (un)polarized world-data. Some TMDs have been already phenomenologically
extracted, mainly from analyzing azimuthal distributions of single hadrons in SIDIS. To
obtain a full picture about the 3D momentum structure of the partons in the nucleon
from high to low x, it is important to connect the theoretical approaches to extract TMDs
including evolution. The studies of 3D PDFs in general, and TMDs in particular, require
a lot more attention to uncertainties due to input parametrizations, than in 1D case, as
more degrees of freedom and bigger number of input parameters may generate biased
model uncertainties. For example it was argued, based on studies using the mPYTHIA
MC generator, that the current extractions of the Sivers PDF might be significantly
underestimated [118]. Thus, improvements in estimating the true relative size of the
Sivers term in the cross section would be needed in future precision studies.
The 3D partonic structure accessible in hard scatterings is rich and complex. The
understanding of the contributions to the final transverse-momentum dependence of
different azimuthal moments in the cross section will require detailed studies. Monte-
Carlo event generators accounting for spin-orbit correlations will be crucial to study
the dependence on different model inputs, as well as sensitivity of the extraction of
underlying TMDs on various experimental uncertainties including acceptances, resolutions
and radiative corrections. The acceptances of wide angle detectors are already themselves
pretty complicated (see Fig.40).
All that makes the development of a framework for testing different extraction proce-
dures a high priority task for the community involved in studies of 3D PDFs. Development
of realistic Monte-Carlo generators accounting for TMD evolution effects, spin-orbit and
quark-gluon correlations will be a great support for a multifaceted effort to study the
fundamental 3D structure of matter.
The future 3D nucleon structure extraction framework, should include in addition to
extraction procedures a library of 3D PDFs [243, 244, 245] and MC simulation frameworks
using that library as input and allowing to check the quality of extracted PDFs for specific
experimental conditions in a full range of accessible kinematics.
7
.
1. Radiative moments in unpolarized SIDIS . – The corrections due to radiative effects
in SIDIS are on the interface of the theory and experiment, and require joint focused
activities on the both theoretical and experimental parts. While the theory effort addresses
theoretical uncertainties of Radiative Corrections (RC) constrained by lack of knowledge
of hadronic structure, the experimental approach is on the methodology of data analysis.
Currently there are no exact calculations of RC to SIDIS for arbitrary polarizations, with
all available calculations representing various kinds of approximations. Model independent
RC can be and must be accounted exactly in modern measurements in SIDIS within
a new procedure of RC of experimental data using sets of semi-inclusive and exclusive
Structure Functions (SFs). A self consistent approach is currently available only for the
unpolarized target. Possible (reasonable) approximations used in literature and data
analysis practice include: i) soft photon approximation, ii) leading log approximation, iii)
peaking approximation, iv) Compton-peak approximation, and v) using different Monte
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Figure 40. – The CLAS12 4D kinematical acceptance. The small insert shows an example of 2D
bin in z vs PhT in each of 2D bins in x and Q
2
Carlo generators (e.g., Radgen). The soft photon approximation is very convenient because
RC is factorized at the Born cross section and completely cancels in spin asymmetries, but
is wrong because of hard photon emission that can not be neglected even in experiments
with much poorer accuracy comparing to the SIDIS experiments in JLab. The leading log
(and peaking) approximation could estimate RC from hard photon with semi-inclusive
process but is not applicable for exclusive radiative tail. The Compton-peak approximation
was good for elastic radiative tail in DIS, but estimates show that it will not work even
for exclusive radiative tail. The most popular Monte-Carlo-based approximation uses
the generator Radgen [29] for generating radiative photons and evaluating RC based on
simulated samples (e.g., with and without using Radgen). Unfortunately this approach is
not applicable for analysis of azimuthal asymmetries in SIDIS, because key parts of the
cross section responsible for cos(φh) and cos(2φh) do not appear in Radgen. Therefore,
correct cross section of radiated photon cannot be reconstructed using Radgen.
Preliminary analyses (based on HAPRAD 2.0 and SIRAD) are: i) x andQ2-dependences
are similar to what we have in DIS; ii) RC goes down with increasing z, e.g., RC factor can
change from 1.05 to 0.85 between z=0.2 and 0.8 for the same x and Q2; the z-dependence
of RC is generated by decreasing the phase space of radiated photon with increasing z;
iii) PhT -dependence is strong: RC can increase by a factor of 2 or more for very high
PhT : both semi-inclusive and exclusive processes have large RC for large PhT ; iv) RC to
φ-dependence can be large (RC generate new φ-dependence and therefore new observables
like 〈cos(3φh)〉 that are exactly zero in SIDIS); and v) RC from exclusive radiative tail has
its own dependence on kinematical variables and can give a high contribution especially
as small missing mass of the e′piX, M2x (e.g., 0.95 and 1.4 without and with exclusive
radiative tail for M2x=1.5 GeV
2 or 1.05 and 1.3 for M2x=3.0 GeV
2) and for high PhT .
Radiative correction in the polarized case are largely unknown. The effect in SIDIS
SPIN ORBIT CORRELATIONS AND THE STRUCTURE OF THE NUCLEON 37
may be significant with strongly dependence on the model for structure functions. The
strong model dependence can be partly addressed within the RC iteration procedure of
experimental data. An illustration of possible effect of RC in unpolarized case shows
that terms from SFs F cosφUU and F
cos 2φ
UU can significantly contribute to the base term,
so higher harmonics generated by RC may be essential. For example, for kinematical
point Ebeam = 10 GeV , Q
2 = 2.5 GeV2, x = 0.25, z= 0.2, and PhT= 0.7 GeV , the
estimate of 〈cos 3φh〉 is about 5% , and corrections to the calculated φh-integrated cross
section only due to presence of φ-dependent SFs varies from 3-30% depending on different
assumptions. Some results obtained from program HAPRAD [28], specifically developed
to calculate the radiative corrections in SIDIS are presented in Fig. 41. Radiative mo-
ments can be large at large values of PhT and, in addition some new moments can be
generated due to radiative effects. A self-consistent methodology of extraction of TMDs
in SIDIS has yet to be developed. The strategy of RC can be developed by generalizing
the RC procedure for DIS. The RC procedure of experimental data should involve an
iteration procedure in which the fits of SFs of interest are re-estimated at each step of this
iteration procedure. This procedure could be defined with and without involving Monte
Carlo generator. Independently on whether MC is involved the procedure has to include
the following steps: i) the fits of SFs are constructed to have the model in the region
covered by the experiment; ii) constructing the models in the regions of softer processes,
resonance region, and exclusive scattering using experimental data or theoretical models,
iii) checking that the constructed models provide correct asymptotic behavior when we
go to the kinematical bounds (Regge limit, QCD limit); iv) jointing all the models to
have continuous function of all four variables in all kinematical regions necessary for RC
calculation; v) implementing this scheme in a computer code and define the iteration
procedure; vi) implementing the procedure of separation SFs in data and model each
of them if several SFs are measured in an experiment; vii) constructing the models for
other SFs if necessary (e.g., unpolarized SFs when spin asymmetries are measured); viii)
paying specific attention to exclusive SFs, because the radiative tail from exclusive peak
is important (or even dominate) in certain kinematical regions; and ix) paying specific
attention to PhT dependence, because RC is too sensitive for PhT model choice.
-0.45
-0.4
-0.35
-0.3
-0.25
-0.2
-0.15
-0.1
-0.05
0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
PT
<
co
sf>
R
C 
m
o
m
en
ts
-0.3
-0.2
-0.1
-0
0.1
0.2
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
PT
<
co
s2
f>
R
C 
m
o
m
en
ts
Figure 41. – Left panel: Sensitivity of the cosφ-moment generated by radiative effects to φ-
dependence of three different structure functions with cosφ input amplitudes equal to -5%
(squares), -10% (triangles up), and -15% (triangles down) calculated from haprad2.0 [28] as a
function of the transverse momentum of a pion in SIDIS in JLab12 kinematics at x = 0.3 and
z = 0.3. Right panel: The same for the cos 2φ-moments generated by radiative effects.
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7
.
2. Possible effects due to experimental errors. – Traditionally SIDIS experiments
in most cases were extracting different azimuthal moments with assumption, supported
by simplified test, that other moments in the cross section have a negligible effect on
the moments of interest. Studies of transverse momentum distributions using the SIDIS
multiplicities [51] indicate wide spread of the values for average transverse momentum
of quarks due to variation of experimental errors withing few percent (Fig. 42). Better
separation of different options require wide range in PhT , in particular large PhT , where
the experimental acceptances are becoming more complicated, radiative corrections large
and cross sections drop. Unaccounted contributions from higher twists, target mass
corrections, target fragmentation, modeling, and other factors, may introduce more
significant variations of extracted TMDs, making the validation process crucial.
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Figure 42. – Extraction of average PhT and kT from experiments [51], and variations
of the PhT -distributions for 4 different combinations of PhT and kT (〈k2T 〉/〈P 2hT 〉 =
0.2/0.20, 0.2/0.24, 0.4/0.16, 0.4/0.2 GeV2) at CLAS12 kinematics for the z-bin around 0.5.
7
.
3. Energy of the beam and phase space limitations . – One of the important items in
interpretation of precision data expected from JLab are the phase space limitations due
to finite beam energies of real experiments [156]. The cosine modulation in particular is
most sensitive to transverse momentum distributions leading to significant corrections
due to limitation of the phase space in experiments.
Our studies using MC simulation of Cahn and Boer-Mulders contributions, assuming
Gaussian distributions from Ref.[156], indicate that phase space limitations may have very
different effects on different contributions. A detailed simulations of effects of accounting
the maximum possible transverse momentum of quarks (assuming on-shell quarks) on
the magnitude of the cosφh-moment from two competing contributions suggest that
azimuthal moments from different sources can change significantly due to limited phase
space, which suppresses the Cahn contribution [156], and can lead to relative enhancement
of the Boer-Mulders contribution. If the underlying assumptions could be validated, that
will indicate significant suppression of azimuthal asymmetries generated at distribution
level.
7
.
4. Extraction framework: assumptions and modeling . – Recent studies have shown
that especially in the region of large x, where little or no direct experimental information
is available, the uncertainty related to the choice of parametrization and methodology
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may be as large or larger than the statistical uncertainty [246, 247]. Various assumptions
involved in modern extractions of TMDs from available data rely on conjectures, in
particular, on of the transverse momentum dependence of distribution and fragmentation
functions [248, 249, 250, 124, 251, 252, 253, 254, 255, 256, 51] making estimates of
systematic errors due to those assumptions extremely challenging.
The main goal of the Extraction and VAlidation framework (EVA) is to assist extraction
of 3D PDFs, by testing different extraction procedures and estimating systematics related
to different assumptions and models used in the extraction procedure [257]. The input of
the extraction and validation framework will include also multiplicities and asymmetries,
but the preferred input will be the table with Elementary Bin Counts (EBC). The EBC
table will contain counts in the smallest size multidimensional bins limited only by detector
resolution in all relevant kinematical variables involved in a given process. For example the
single hadron SIDIS will have bins in x, y, z, PhT , φ and exclusive production of photons
or mesons, correspondingly x, y, t, φ. The values of helicities for the incoming lepton, λ,
and target nucleon, Λ, as well as other relevant information like beam energy, target
type, etc., should also be in the table. The counts should be corrected for acceptance,
background and other experimental factors, with corresponding statistical and systematic
uncertainties. Optionally the radiative correction factor, extracted from unfolding using
some specific procedure could be specified. The resolution size EBC bins would also allow
application of alternative data analysis, typically based on event-by-event procedures (ex.
Bessel-Weighting method [66]).
The EBC table will have info on boundaries of bins and average values of kinematical
variables within the elementary bin. The simplest implementation of the EBC file could
be by using JavaScript Object Notation (JSON) file format used for serializing and
transmitting structured data. A table of values of normalized counts in elementary bins
has been extracted in 5-dimensional bins in x,Q2, z, PhT and φ [70]. Full 5-dimensional
table with counts in elementary bins with all relevant information (helicities, beam
energies, target,...) would allow rebinning, proper integrations over other variables, web
browsing and graphical presentations. While keeping it human readable, the data will be
machine readable (will need API). Reduction of the size of the bins will be only limited
by detector resolution and available MC statistics for acceptance extraction chain. Small
size of the bins would allow precision calculations of all relevant variables. Much wider
bins, used in experiments, when azimuthal moments were extracted in the process of
experimental analysis of the collected data, will always loose some relevant information,
limiting the usage of data to specific tasks. More complex processes (like 2 hadron
production) will have more variables.
The main challenge in extraction of φh distributions of hadrons in SIDIS is the handling
of the detector acceptance, both geometrical acceptance (the location of active detector
elements) and the efficiency in the active regions. For a given kinematical bin, the
acceptance is defined as the ratio of the number of reconstructed events (using a GEANT
based simulation of the given detector) to the number of generated events.
Overall design of the extraction and validation framework with definitions of the
services and data flow between them is shown in Fig. 43. The extraction part will take as
input the EBC tables and extract SFs based on a given set of SFs from the existing library
with radiative corrections applied using the same set. Extracted structure functions will be
used to extract underlying TMD PDFs and FFs involved in calculation of corresponding
SFs. The validation process will start with calculation of relevant (for given observable)
SFs using TMD PDFs and FFs from the library. Those SFs will be used to calculate
the Born cross section, which will be used to calculate the radiative cross section. The
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radiative cross section will be used to generate the process of interest (ex. ep→ e′pi+X).
The generated events will go through the GEANT simulation and reconstruction chain of
a given experiment, eventually providing the EBC table for a given process. The TMD
PDFs and FFs extracted from the EBC tables will be compared with input values to
validate the process of extraction. The EVA chain would allow estimates of systematic
errors due to different assumptions (for instance extraction the Sivers TMD, ignoring
the cosφh modulation of unpolarized cross section or SF with sinφS , or ignoring the
evolution of 3D PDFs in extraction, and so on). All data flow between different blocks
could go through JSON files.
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Figure 43. – The diagram for the extraction and validation framework (EVA).
Compared to PDFs, the status of TMD extractions is still in an early stage of
development. Phenomenological efforts have been summarized recently by introduction
of a library of fits and parametrizations for transverse-momentum-dependent parton
distribution functions (TMD PDFs) and fragmentation functions (TMD FFs) together
with an online plotting tool, TMDplotter [243]. Observables constructed by taking ratios,
such as asymmetries, are not ideal grounds for the study of TMD evolution effects. More
effort should be made towards measuring properly normalized SIDIS and e+e−, and
Drell-Yan cross sections (both unpolarized and polarized)
8. – Summary
In summary, spin and azimuthal moments, which may be related to quark-gluon
correlations have been measured for all pion channels in a fully differential way and
shown to be very significant and flavor dependent. They are indispensable part of
SIDIS analysis, and their understanding is important for interpretation of all kind of
spin-azimuthal asymmetries. Comparison of azimuthal moments measured at Jefferson
Lab with HERMES and COMPASS measurements, supports the higher twist nature
of the cosφh and sinφh moments. Measurements of di-hadron single spin asymmetries
indicate that final state hadrons tend to be correlated. Several effects, including limited
phase space for finite beam energies, higher twist contributions, radiative corrections and
possible background from target fragmentation region should be considered as important
elements for interpretation of systematic uncertainties in precision measurements in
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polarized SIDIS experiments, and in particular at Jefferson Lab. Understanding of the
scale of contributions (∼M2/Q2, ∼ P 2hT /Q2, Target/Current correlations, etc) will define
the limits on precision needed to various aspects of TMDs, such as evolution, higher
twists, etc. Sophisticated frameworks for calculation of 3D PDFs, such as TMDlib [243]
can be interfaced to extend the scope of available models, which can be used in validation
of 3D PDFs extraction framework. The future Extraction and VAlidation framework will
serve to help both experimental community and phenomenological community to test
results and assure model independence of measured data.
In this review we have not covered hadron-hadron facilities such as RHIC [258], and
e+e− facilities, such as BELLE. It is however, important to emphasize that hadron
structure and TMDs in particular are to be studied in as many processes as possible.
For instance, measurements in one process, such as SIDIS, cannot definitely answer a
question on universality of TMDs. Only a comprehensive study of data coming from
various experiments and various processes will allow to unravel the underlying parton
landscape of the nucleon.
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